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DSL Modem and Tiansfoimer 

Field of the Inventioii 

5 The present invention relates to a Digital Subscriber Line (DSL) modem, a 

transformer for use in such a modem, a method of transmitting electronic data, a 
method of manu&cturing a DSL modem and to a coreless transformer. 

Background of the invention 

10 

Michael Faraday invented the transformer in 1 83 1 . It is noted that the original 
designs of the transformer were intended mainly for power applications. TTxe design 
is bulky and cumbersome as it involves a nucleus of ferrite surrounded by maxiy turns 
of copper. This design has been kept with very little variation fi>r more than a, century 
15 in spite of a manifold of uses ranging from higih voltage to sophisticated micro- 
electronic equipment. 

In recent times complex DSP techniques and coding have been developed to 
utilise the telephone lines of the existing telephone network, or Plain Old Telephone 

20 System (POTS), for transmission of electronic data at high data rates (of the order of 
megabits per second). A conventional telephone transmission line typically comprises 
a pair of copper conductors that connect a telephone set to the nearest Central Office 
(CX> or telephone network operator), digital loop carrier equipment, remote s^^tching 
unit or any other equipment serving as the extension of the services provided by the 

25 CO. This pair of copper conductors is frequently referred to as a ^Iwisted pair". A 
number of such twisted pairs are generally bundled together within the same cable 
binder group. 

Transmission of electronic data by this means is generally referred to as 
30 Digital Subscriber Line or '*DSL". A DSL is established between two jnodems 
coupled by a twisted copper pair, one modem located at the user (Customer Premises 
Equipment - CPE) and the other located at the CO. A fmnfy of different standards 
have been developed under DSL, generally referred to as ^^xDSL", and new standards 
are under development Variations of DSL technology in the femily include SHDSL 
35 (symmetric high-bit-rate DSL), HDSL2 (second-generation high bit-rate DSL), 
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RADSL (rate ad^tive DSL), VDSL (very high-bit-iate DSL), and ADSL 
(asymmetric DSL). The frequencies used for transmission of electronic data using 
DSL technology ranges from about TSkHz up to several MHz. 

5 Some DSL technologies, such as ADSL, have the advantage that ordinary 

voice data transmissions i.e. POTS can share the same twisted pair with electronic 
data transnoissions. Fig. 1 shows how Ifae frequency spectrum is divided for ADSL. A 
tower frequency band (0-4kHz) is used for voice data, while an upper frequency band 
(25kHz - l.lMHz) is used for electronic data. The xsppeac frequency band is frdlher 

10 split into two bands, one for upstream transmission (ie. user to CO) and the other for 
downstream transmission (ie. CO to user). The downstream transmission band is 
much larger than the upstream transmission band as most users will download &r 
more data from the Ihtemet than they will v^load. 256 frequency carriers placed at 
4.3125kHz intervals provide a bandwidth of ^>proximately l.lMHz for the upstream 

15 and downstream transmission bands. The actual downstream data rate achieved by 
ADSL is dependent on a large number of factors including length of the twisted pair, 
its wire gauge, pres^ce of bridged t^s and cross-coupled interference. 

The modems at each end of the twisted pair employ filters to filter either the 
20 data transmission band or the voice band for subsequent processing. 

For many years in POTS a line inter&ce transformer has been used as an 
inter&ce between the telephone line and Ihe electric circuits in the users home or 
ofQce. This interface provide safety fi>r the user by isolating the twisted pair from 
25 the user to prevent large voltages induced in the twisted pair (e.g. Ugjtitning strike) 
from being transmitted to the circuits in the user's home. 

With the advent of DSL technology, several additional requirements have 
been placed on such line interfece transformers including: provision of a flat 
30 frequency resfponse over a much wider bandwidth; excellent signal transmission 
properties (ideally 1:1), impedance matching and minimal insertion loss. The ability 
of the transformer to &ithfiilly reproduce the iiq>ut signal is of particular importance 
in view of the sensitive nature of the DSL signal. 
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Up to the present day transfonners far use in DSL modems have been of the 
traditional type in which an iron core is used to couple the magnetic flux fix>m the 
copp&c primary winding to the copper secondary winding. This is because, at DSL 
fitequencies and particularly the low frequencies, the skin depth in whicb 1/e or 63% 
5 of the primary winding magnetic field is absorbed by the secondary winding ranges 
fiom 0.667mm at lOkHz to 0.067nmi at IMEIz in copper. The remainder of the 
available energy is not absorbed and pass^ through a conductor of these respective 
thicknesses. Thus in order to obtain a good flux linkage or coefficient of coupling 
between the prhnary and secondary windings it is necessary to (1) have enough 
10 material present in the secondary winding to absorb the energy from the primary 
winding and (2) to ensure that the magnetic flux from the primary winding cuts that 
material as it e^qpands and collapses. This is particularly important in DSL 
transformers where there is usually a 1:1 winding ratio. Any flux leakage is highly 
undesirable, as Ifae signal will not be reproduced without distortion. 

15 

As mentioned above, the traditional and well-accepted solution to this 
problem in the field of transformers for use in DSL modems is to use an iron core 
transformer. For example ADSL transfoimers have line-side inductances ranging 
from a few hundreds of microhenries to a few millilienries. They do not need to carry 

20 DC; however they are gapped to control their inductance within a ±5% to ±10% 
range. Leakage inductances are roughly proportional to line-side inductances, ranging 
fix>m a few microhenri^ to a few tens of microhenries. Echo cancellation is 
enoployed in ADSL systems in the frequency range where the upstream and. 
downstream signals overly, making distortion a critical &ctor. Typical distortion 

25 requirements are dB maximum THD for &e CPE end and -80 dB THD for the 
CO end; both measured with a ISVp-p signal at 100 KHz. 

DSL is becoming flxe most popular option for both businesses and ccmsumers 
for bigh-speed communications and Internet access. The major success of DSL 
30 technology worldwide places all telecom manufacturers under pressure for next- 
generation DSL products. In order to maintain and improve DSL prevalent 
availability, s^vice quality and performance, the main priority is to design analogue 
circuitry with high signal reliability and low power operation. Therefore, analogue 
design community faces new challenges of requirements for analogue front-end 
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building blocks including a crucial component, the line inter&ce transformer. All 
these parameters afifect dramatically to the overall performance of the transmission 
and the quality of service. 

5 However typical ADSL transformers measure about 1cm by 1cm by 1cm i.e. 

an overall aspect ratio of the device of qyproximately 1:1 (a three-dimensional object 
with a sbapo resembling that of a cube). Unfortunate^/ this arrangement is bulky, 
heavy and expensive to manu&cture needing a large amount of raw material and 
skilled labour to assemble tiie parts. The continuing pressure for smaller electronic 
10 devices is pressing manufacturers to find a smaller and lighter replacement for the 
traditional transformer as used in DSL modems that does not rely on a ferrite core, 
but which does not result in lower performance. 

A DSL transformer is described in our PCT patent application 
15 PCT/GB2004/050011, namely a bifilar transformer having the same applications as 
the present invention but con5)letely different structure, complexity, and cot^ling 
and therefore it is considered as an entirely different device. The bifilar transformer 
consisted of a multi-layered design in a vertical distribution of a nimiber of layers 
with the use of two 30-tum coils, one for the primary and one for the secondary, in a 
20 horizontal parallel distribution. This construction makes use of horizontal magnetic 
coupling between inter-winding primary and secondary loops along with the vertical 
magnetic coupling. A transformer according to the present invention makes use of a 
number of single 60-tum coils implementing a multi-layered (stacked) design and it 
primarily makes use of vertical magnetic coupling. 

25 

Summary of the Present Invention 

Preferred embodiments of the present invention are based on the insight that it 
is possible to replace the ferrite core in a line inter&ce transformer designed to 
30 operate at DSL frequencies with a geometrical winding structure substantially 
without degradation in perfoocmance. A particular advantage is that the geometrical 
stracture is smaller (in one dimension at least) and lighter tiban the equivalent 
conventional DSL ferrite core transformer. Surprisingly, the applicant has foimd that 
the resonant effects some embodimmts of the stacked trans&rmer arrangements 



wo 2005/055253 



PCT/GB2004/050035 



- 5 - 

disclosed hetein can be imtigated through appropriate structure and geometry rather 
than through external circuit con^onents, maVing such transformers attractive for 
qyplication in DSL technology wh^ a flat frequency response over a wide 
bandwidth is of importance. 

5 

According to the invention there is provided a transformer which comprises at 
least one substantially planar primacy circuit and at least one substantially planar 
secondary circuit each circuit being fimned of a continuous electrically conductive 
material and in which the primary and secondary circuits are substantially parallel 
10 and spaced apart in the vertical plane. By vertical plane is meant at right angles to the 
plane of the primary or secondary circuits which, for convenience is called the 
horizontal plane. 

The transformer preferably comprises a primary circuit and a secondary 
15 circuit each circuit being formed of a continuous electrically conductive material and 
the circuits are in the form substantially parallel spirals of the material. The spiral can 
be circular, elliptical, square, rectangular, oval or non-regular. 

The spiral preferably conforms substantially to a £fpiral formed by the polar 
20 equation r(9) = a9, where 9 is the angle in polar coordinates, r is the radius and a is a 
constant that regulates the number of turns and the spacing. Preferably the number of 
turns in the spiral is at least five. 

There can be a plurahty of primary and secondary circuits and all the primary 
25 circuits can be adjacent to each other and separated by an air gap from the secondary 
circuits that are arranged adjacent to each other. Alternatively the primary and the 
secondary circuits can be arranged to be interleaved with each other so they alternate, 
with an air gap between each primary and secondary circuit. 

30 A way to maintain flux linkage and transformer capability is through a 

compact stacked arrangement, namely, if the primary and secondary are in two 
vertically separated parallel planes. This leads to two vertically separated spiral coils 
(hence "stacked" transformer). A connection in series of the coils genemtes a stacked 
structure and irnproves the signal transmission. The arrangement increases the height 
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of the device. However the total aspect latio defined as diameter: height of the device 
is kept relatively large and for this reason it represents a quasi-planar transformer 
(QPT). 

5 In order to improve this conq)onent, a 2D solution for replacing the 

transformer function consists of a planar structure with two coils in stacked desdgn 
(one on top of the other, both isolated) characterised by the absence of a 
ferromagnetic element. 

10 There can be typically at least 10 layers or more for both primary and 

secondary, using single coils in series arrangements, one for the primary and one for 
the secondary, and generally the more layers the better the transformer operation. 

Features of Ihe invention are that there is an absence of a ferromagnetic 
15 element and the production of a very low aspect ratio transformer device, e.g. an 
aspect ratio of 1:5 or less and preferably with an aspect ratio less than 1:10 or less 
than 1:20. The invention provides a transformer without a ferromagnetic (usually 
ferrite) element with low aspect ratio. It has the additional advantage in that the 
maniifacturing process is amenable to planar film techniques and also to multilayered 
20 fabrication techniques. The substance of the invention is that a 3D ferrite core based 
design had been replaced by a 2D multilayered design in which all planar layers are 
connected each other in series. This invention is particularly useM in, but not 
restricted to, Asymmetric Digital Subscriber Line ADSL and Very High Data rate 
DSL (VDSL) applications. Surprisingly, it is foimd that removal of the ferromagnetic 
25 element and a low physical aspect ratio in the device is possible and therefore 
ttansforming action is observed. The avoidance of a ferromagnetic element (such as 
ferrite) eases the construction operation. 

♦ * * 

30 

According to another aspect of the present invention there is provided a 
digital subscriber line (DSL) modem conqmsing a line interfece transformer having a 
primary circuit for coiq)ling to a transmission line and a secondary circuit for 
outputting a signal transmitted over said transmission line, each circuit being formed 
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of a continuous electrically conductive material and in which the primaiy dicuit 
defines a fiist plane and the secondary circuit defines a second plane, said first and 
second planes substantially parallel to one another. It will be appreciated that plane is 
a term of convenience and that each drcuit does not lie solely witiun one plane. 
5 Preferably said first plane is spaced-apart fixmi said second plane. This results in a 
structure in which the primary and secondary circuits are spaced-sqpart in Ihe vertical 
plane. Such a transformer makes use of vertical naagnetic coupling and it may contain 
a large number of windings (several hundreds) generating inductance, cs^acitance 
and resistance. Such characteristics generate a resonant firequency and therefore 
10 appropriate methods have been found tiiat can mitigate the resonant behaviour 
providing a good ADSL transformer operation. These methods are related to external 
circuitry and/or transformer g^metry and stracture. 

Advantageously, said line inter&ce transformer comprises alternating layers 
15 of said primary circuit and said secondary circuit. There may be more than one circuit 
of each type per layer. 

Preferably, there are a plurality of first and second planes each plane forming 
a layer and wherein said primary circuit comprises a plurality of substantially parallel 
20 layers and said secondary circuit conoprises a plurality of substantially parallel layers. 

Advantageously, layers of said primary circuit are adjacent one anotiier and 
layers of said secondary circuit are adjacent one another, said primary and secondary 
circuits separated by a gap. The gap is preferafoty no greater than needed for 
25 insulation purposes between the drcuits, and preferably not more than 0.1mm. This 
gap might be an air g^. 

In one embodiment said primary circuit layers form a primary circuit stack 
and said secondary circuit layers form a secondary circuit stack, said primary circuit 
30 stack and said secondary drcuit stacked one adjacent the other. There may be a sap 
between the two stacks. The gap can be an air g^. The size of the gap may be 
between 0. 1mm to O.Snmi depending on the bandwidth in which the transformer is to 
be used. By adjusting the size of the gi^ the capacitance of the transformer can be 
adjusted, thereby shifiing the resonance. 
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In another embodiment layers of said primary circuit are interleaved vnth 
layers of said secondary circuit 

5 Preferably, separation between two layers is not more than O.Smm. This helps 

to ensure good trans&rmer action over flie frequency band of interest. 

Advantageously, layers of said primary circuit are connected in series or 
parallel. A series connection between respective circuits in each layer is preferred as 
10 this helps to increase the inductance. 

Preferably, layers of said secondary circuit are coimected in series or parallel. 
A series connection between respective circuits in each layer is preferred as Ibis helps 
to increase the inductance. 

15 

The frequency response curve of the transformer iirtproves with increasing 
numbers of layers of circuits. Advantageously, the line inter&ce transformer further 
con^rises at least ten layers of said plurality of substantially parallel layers of said 
primary circuit, and at least ten layers of said plurality of substantially parallel layers 
20 of said secondary circuit. This has been found to produce good results for the 
purposes of signal transmission over the transformer, with between 20 and 40 layers 
of each more preferable, and 30 layers offering a good conipromise between size and 
weight on the one hand and i>6rformance on the other. 

25 Preferably, a number of turns of each circuit is at least ten. Still more 

preferably there are between about 50 and 70 turns per circuit, with about 60 having 
produced good results. 

Advantageously, the DSL modem further comprises danq>ing means for 
30 danqping resonance in said secondary circuit The damping means may be dynamic or 
passive. In one embodiment the damping means is a planar metallic member such as 
a plate or foil. In another embodiment the damping means may be a passive primary 
circuit and/or secondary circuit that has been short-circuited to provide an isolated 
conductive path in which voltages will be induced to provide a damping effect. Such 
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an arraBgement ofEers particular simplicity jErom the manu&ctuiing perspective. 

Preferably, said damping means is positioned on one side of said line 
inter&ce transformer. One side means adjacent one of the planar circuits. 

5 

Advantageously, said danqsing means is positioned on both sides of said line 
inter&ce transformer. 

Preferably, said damping means is positioned in betwem said primary and 
10 secondary circuits. This arrangement has been found to produce excellent results with 
very few cixcuit layers. An arrangement of damping means adjacent primary circuit 
adjacent secondary circuit may be repeated throughout the transformer stmcture. lii 
one embodiment such a structure has at least ten primary circuit layers and at least 
ten secondary circvdt layers. The number of primary circuit layers may or may not be 
15 the same as the number of secondary circuit layers. Increasing the number of layers 
will extend upper end of the frequency bandwidth of the transformer. 

In one embodiment said damping means comprises a metal such as 
aluminium. In another embodiment the metal may be a ferromagnetic material such 
20 as iron. 

Advantageously, said primary circuit and said secondary circuit are in the 
form substantially parallel spirals of the conductive material defining substantially 
different planes. 

25 

Preferably, the spiral is substantially circular, elliptical, square, rectangular, 
oval or non-regular. 

Advantageously, the sfpiral conforms substantially to a spiral formed by the 
30 polar equation r(6) = aO, where 0 is Ifae angle in polar coordinates, r is the radius and 
a is a constant that regulates the number of turns and the spacing. 

Preferably, the line inter&ce transformer has an aspect ratio deiBned as 
diameter to width of 1:5 or more. Thus the height of the transformer is greatly 
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reduced compared to existing DSL trans&rmers. 

Advantageously, said line inter&ce transformer does not comprise 
ferromagnetic core. Enabling removal of this component greatly reduces weight, size 
5 and cost of the line inter&ce tcansformer and thereby of the DSL modem. 

According to another aspect of the present invention tiiere is provided for use 
in a DSL modem, a line interfoce transformer having any of the line inter&ce 
transformer features set out above. 

10 

According to another aspect of the present invention there is provided a 
method of transmitting electronic data over a transmission line, whidbi method 
con^rises the steps of placing said electronic data on said transmission line using a 
line inter&ce transformer set out above. 

15 

According to yet another aspect of the present invention there is provided a 
method of manufacturing DSL modem, which method comprises the stqp of a 
inserting a line inter&ce transformer as set out above and electrically connecting said 
transformer thereto. This method might be performed by a telephone company who 

20 transmit data (e.g. web pages, e-mail, files) to users utilising a DSL connection. The 
data may be digital data and the method may further comprise the step of transmitting 
this data via the line inter&ce transformer in a modulated form such as by DMT 
and/or QAM. The method may further comprise the step of transmitting the data via 
the line inter&ce transformer over a number of carrier frequencies. In one 

25 embodiment the carrier frequencies are spaced s^art over a bandwidth, which may be 
approximately 2MHz, from about 2€kHz to 2.2Mhz. Preferably the digital data is 
transmitted via the transformer using an xDSL signal, such as ADSL, ADSL2 and 
ADSL2+. 

30 According to another aspect of the present invention there is provided a 

coreless transforms for passing a low fiequency band digital data signal between 
about lOkflz and 20MB^ which transformer comprises a primary circuit and a 
secondary circuit having a number of turns such that said transformer comprises a 
plurality of layers, each layer having all primary or all secondary conductors, there 
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being a combi]iatu>n of said number of turns and a number layers sufficient to obtain 
a transfomer action for passing said digital data signal from said primary circuit to 
said secondary circuit over said ftequency band. The coreless transformer may be 
provided with any of the dancing means features mentioned above. Furthermore 
5 suitable embodiments of the transformer may have qyplication for passing 
fiiequencies hig^her than 2.SMHz. 

Preferably, said layer extends radially outwardly £tom a centre of said 
transformer. Thus the layer may be considered to define a plane, although it will be 
10 appreciated of course that the primary and secondary circtiits are three-dimensional 
and wOl contain the plane but not lie exclusively witibin it. 

Advantageously, layers of said primary circuit are adjacent one another to 
form a primary circuit stack, and layers of said secondary circuit are adjacent one 
15 another to form a secondary circuit stack, the arrangement being such that said 
primary circuit stack and said secondary circuit stack are stacked one next to the 
other to &ci]itate said transformer action. 

Preferably, layers of said primary circuit are interleaved with layers of said 
20 secondary circuit, the arrangement being such that there are alternating layers of said 
primary and secondary circuits. 

Advantageously, said alternating layers comprise single layers of said primary 
and secondary circuits. 

25 

Preferably, a separation between conductors in each layer is between about 
0.02mm and 0.075mm. 

Advantageously, the separation between each layer is between about 0.02mm 
30 and 0.2mm. 

Preferably, there are at least ten layers and between about SO and 70 turns of 
each circuit, with 60 giving good results. 
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According to another asfpect of the present invention there is provided an 
electrical circuit comprising a coreless transformer as set out above. This has been 
found to provide useful signal transfer properties in DSL fieguency band, currents 
and voltages. It will be appreciated that the number of turns and number of layers 

5 may be varied by one skilled in the art whilst still achieving &e transformer action 
necessary to pass a DSL signal. However, good signal filtering techniques in a DSL 
modem may permit the number of turn/number of layers to be reduced, providing Hie 
substantially linear transfer characteristics are maintained over the DSL fiequency 
band of interest Furthermore, different manu&cturing techniques may result in 

10 different number of turns/layers required to achieve the same result. For example 
hand or machine winding techniques with insulated wires may permit there to be 
slightly fewer turns/layers since the wires are relatively close together compared to 
PCB manufacturing techniques. In PCB since the conductive tracks are not insulated, 
spacing between the tracks needs to be larg^ to inhibit the chances of a short circuit 

15 

According to another aspect of the preset invention there is provided an 
electrical circuit conqarising a coreless transformer as set out above. The circuit may 
be a DSL modem circuit embodied in a stand-alone unit or PC card for exan^le. 
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For a better understanding of the pdtesent invention reference will now be 
made by way of example only to Hie accompanying drawings in wbich: - 

Fig. 1 is a schematic graph of frequency vs. amplitude showing the frequency 
bands used by POTS and ADSL; 
5 Fig. 2 is a block diagram of two ADSL modems in accordance with the 

present invention connected by a twisted pair; 

Fig. 3A shows further detail of one of the ADSL modems in Fig. 2; 

Fig. 3B is a schematic circuit diagram of part of a DSL modem circuit 
showing the location of the line int^d&ce transformer; 
10 Fig. 3C is two grsqphs illustrating Ihe nature of a DSL signal; 

Fig. 4 is a graph of frequency vs. amplitude for a standard DSL transfrmner 
over the ADSL bandwidth; 

Fig. S is a graph of frequency vs. amplitude for a standard DSL transformer 
over the ADSL2 bandwidth; 
15 Fig. 6 is a gr^h of frequency vs. amplitude for a standard DSL transformer 

over flie ADSL2+ bandwidth; 

Fig. 7 is a schematic perspective view of a first embodiment of a transformer 
in accordance with the present invention; 

Fig. 8 is a schematic perspective view of a second embodiment of a 
20 transformer in accordance with the present invention; 

Fig. 9 is a schematic cross-section through two PCB modules for constructing 
a transformer similar to that in Fig. 8; 

Fig. 10 is photograph of the PCB transformer of Fig. 8; 

Fig. 11 is a schematic cross section through two conductor stnictures 
25 according to the present invention; 

Fig. 12 is a graph of frequency vs. amplitude for Hxe transformer of Fig. 8 
over the ADSL, ADSL2 and ADSL2+ bandwidths; 

Fig. 13 is a schematic perspective view of a third embodiment of a 
transformer in accordance with the present invention; 
30 Fig. 14 is a graph of frequency vs. amplitude for the transformer of Fig. 13 

over the ADSL, ADSL2 and ADSL2+ bandwidths; 

Fig. 15 is a schematic persspective view of a fourth einbodiment of a 
transformer in accordance with the present invention; 

Fig. 16 is a graph of frequency vs. amplitude for the transformer of Fig. 15 
35 over the ADSL2 bandwidth; 
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Fig. 17 is a fftaph of firequency vs. axnplitode for the transfomer of Fig, 15 
over the ADSL2+ bandwidth; 

Fig. 18 is a schematic representation of cross-section thiou^ a fifth 
embodiment of a transfimner according to the present invention; and 
5 Fig. 19 is a graph of ftequency vs. amplitude for the transfomier of Fig. 18 

over the ADSL2+ bandwidth. 

Referring to Figs. 2 and 3A an ADSL generally identified by reference 
numeral 10 is established between two modems 12, 14 over a twisted pair 16 of 
copper wire. In functional terms the modems 12, 14 are identical and thus only one 
will be described in detail. The modem 12 comprises a low pass filter 18 for filtering 
the POTS voice ftequency band ('-0-4kHz) and a high pass filter 20 for filtering the 
ADSL firequency band (-26kHz-l.lMHz). A wideband transformer 22 comprising a 
wire-wound three dimensional ferrite core lies downstream of the high pass filter 20 
and serves to isolate the remaining downstream circuitry fiom the twisted pair 16 as 
described above- An ADSL chipset 24 receives the ADSL signal (i.e. frequencies 
above --26kHz) from a secondary winding (not shown) of the wideband transformer 
22. The ADSL chipset 24 serves to amplify and decode the ADSL signal for 
subsequent processing. The ADSL chipset 24 passes the processed ADSL signal 
either to an Internet Service Provider (ISP) or to a Personal Computer (PC), 
depending on the location of the modem. The low pass filter 18 passra the low 
fiiequency POTS signal either to a Public Switched Telephone Network CPSTN) or a 
telephone depending on whether the modem is at the CO or CP. Fig. 3B shows the 
location of the wideband transformer 22 in a typical ADSL circuit 26 that is part of 
both the modems 12, 14. 

Referring to Fig. 3C the nature of the DSL signal is illustrated by two graphs 
29 and 29\ ADSL relies on Discrete MultiTone (DMT) modulation to carry digital 
data over phone lines. The ADSL spectrum occiq)ies frequencies fiom ^26 kHz to 
30 1.1 MHz while reserving the space below 20 kHz for voice signals (see Fig. 1). DMT 
signals viewed in the time domain appear as a pseudo-random noise signal and gtaph 
29 suggests that DMT signals typically produce low rms voltage levels. However, 
xDSL line driver amplifiers (see Fig. 3C) must be capable of delivering peak voltages 
caused by the finite probability that many of the carriers in several sub-bands or tones 



15 



20 
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may afign in phase. Dynamic headroom allowances must be made in order to 
reproduce these large peaks when Ihey occur. 

DMT modulation appears in the lEbequency domain as power contained in 
5 several individual frequency sub-bands, sometimes referred to as tones or bins, each 
of which are uniformly spaced in ftequencqr 4.3125kHz apart (see graph 29'). A 
uniquely encoded Quadrature Amplitude Modulated (QAM)-like signal occurs at the 
centre frequency of each sub-band or tone. Jn the frequency domain depicted an 
upstream DMT signal produces peaks at each sub-band of approximately -IdBm. 

10 Combining the power in each sub-band, a total power of 13dBm is dehvered to the 
load. Maintaining enough voltage headroom so that the amplifier can deliver 
undistorted peaks is challenging. The ratio of these infrequent peaks to the rms level 
in a DMT waveform is known as the peak to average ratio (PAR) or "crest factor^'. A 
crest fector of 5.3 is tj^ically used when designing the line driver hybrid for ADSL 

15 modems. 

Difficulties will exist when decoding the information contained in DMT sub- 
bands if a QAM signal fix>m one sub-band is corrupted by the QAM signal(s) from 
other sub-bands. Ihtermodulation distortion is the primary conc^n as typical xDSL 

20 downstream DMT signals may contain as many as 256 carriers (siib-bands or tones) 
of QAM signals. la xDSL modems DMT signal fidelity is required so that 
demodulators can accurately detect analogue signal amplitudes. ADCs can then 
accurately translate magnitude and sign information contained within each sub-band 
into corresponding digital bit streams. Bit errors occur when error-correction schemes 

25 cannot recover a piece of corrupted data that may have been caused by a lack of 
DMT signal fidelity. In short, DMT signal fidelity must be maintained througji the 
ADSL line driver and bridge hybrid in order to preserve performance, minimise data 
corruption and improve data transfer rates in DSL modems. 

30 Transformers find many applications where the current and voltage 

capabilities of active devices need to be matched to different load impedances. Since 
a transformer reflects the secondary load impedance back to the primary by the 
square of the turns ratio, tiie current drive demands increase while the voltage drive 
decreases. 
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ADSL modems lequire analogue bridge hybrid cixcuits to provide several 
ixnportant functions. The bridge hybrid transmits and receives data contained in 
analogue signals over the telephone lines, separates the receive signal fix>m the 
5 transmitted signal, provides proper line termination impedance and isolates the line 
from the modem. It can also be designed to optimise power delivered to the line. 

The functional requirements of the wideband transformer 22 within this 
context are set out in an ADSL standard. The requhements are given in the table 
10 below: - 

Table: ADSL requirements 



15 



20 



Parameter 


Full Rate ADSL 
Downstream 


Full Rate ADSL 
Upstream 




Channels Used 


31 to 256 


6 to 30 




Frequency Band (KHz) 


133.7 to 1104 


26.8 to 129.4 




Bandwidth (KHz) 


970.3 


103.5 


Characteristics 


Power Spectra! Density, PSD (dBm/Hz^) 


-40 


-37 




Line Power (dBm) 


20 


13 




IRMS Line Power^mWl 


100 


20 




Line Impedance (Q) 


100 


100 




RMS Line Voltage (V) 


3.1 


1.4 




RMS line Current (mA) 


31 


15 


Electrical 
requirements 


Peak-to-Average l^tio. PAR 


5.3 


5.3 


Peak Line Voltage (V) 


16.5 


7.6 


Peak-to-Peak Une Voltage (V) 


33 


15.2 




Peak Une Current (mA) 


170 


76 




Peak Line Power (mW) 


2725 


580 




Bits/Symbol 


15 


15 


Theoretical date rates 


Bits/Channel (Kbits/s) 


60 


60 




Max Data rate for Channel Used 


13.5 Mb/s 


1.4 Mb/8 



25 Thus, the wideband transformer 22 must pass the signal fiom the twisted pair 

16 substantially without distortion, loss in amplitude, phase shifts and harmonics 
across the ADSL fiequency band. In particular, the modem 14 sends signals 
representing electronic data to the telephone coiripany modem 12 between 26 KHz 
and 138 KHz, and receives signals from 138 KHz up to 1.1 MHz. Referring to Figs. 

30 4, 5 and 6 frequency response graphs for the wideband transformer 22 (APC Limited 
model 41199 0040C) over the ADSL, ADSL2 and ADSL2H- frequency bands are 
generally identified by reference numerals 30, 32 and 34 respectively. Each graph 30, 
32 and 34 comprises a response curve 30a, 32a, 34a for a primary winding of the 
traiisformer and a response curve 30b, 32b, 34b for a secondary winding of the 
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tcansfonner with a test signal of 7.SV throughout the various bandwidths. The 
frequency response of the secondary winding is relatively flat between about lOOkflz 
and the tipper end of each range (Le. IMHz, 1.2MHz and 2.2MHz respectively). 
However, between about 20kflz and lOOkEIz the output voltage from the secondary 
5 winding rolls off as frequency decreases. This is due to the flux linkage problem at 
low frequency mentioned in tibie introduction. In particular, as frequency decreases 
the skin depth increases i.e. assuming everything else renoains constant, the amount 
of material in the winding needed to absorb 63% of the available energy contained in 
the magnetic flux increases. If a greater xnroportion of energy transfer is required at 
10 this lower frequency, the accepted solution in the art would be either to increase the 
amount material in the secondary winding and/or increase the size of the iron core to 
concentrate the magnetic flux. The applicant has found a way the remove flie iron 
core of typical DSL transformers without a substantial loss in flux linkage. 

15 Referring to Fig. 7, a first embodiment of a transformer generally identified 

by reference numeral 40 con^rises two spiral circuits: a primary circuit 42 and a 
secondary circuit 44. It will be noted that there is no ferrite core. Each circuit defines 
a plane, with each plane parallel to the other, and each circuit is wound to form an 
.Archimedean spiral (the spacing between turns of eacb circuit is greatly exaggerated 

20 for clarity). Each circuit is etched on a laminate circuit board (not shown) and 
comprises copper track 45 of approximately 0.07Smm width and O.OSntun height 
above the circuit board. Each circuit has 60 turns and is of approximately 18.29mm 
diameter. The horizontal spacing between the tracks of each circuit 42, 44 (as 
measured between closest edges) is O.OTSmm. The overall diameter of the coil is 

25 2()mm. The specification of a single layer of the trans&rmer 40 is given in the table 
below: 



Stpedficafioiis of the single coU ased for the layers 


Type: 


Stacked Transformer 


Manufacture: 


PCB technology 


Dimensions: 


18.288mm diameter 


Number of turns: 


60 


Coil tliickness: 


0*0762mm 


Separation: 


Air gap 
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Couplii^: 



Vertical magnetic coupling between layers 



Refeiting to Fig. 8 a second embodiment of a tiansformer generally identified 
by reference numeral SO comprises a stack 51 of jEburteen layers of primary dicuits, 
each layer having 60 turns. The primary circuits 52 are stacked with their planes 
5 substantially parallel to one another (shown spaced ^art in the Figure for clarity). 
The spacing between each primary circuit 52 is about 0.07mm. Each of the primary 
circuits 52 is connected at its radially innermost end to the radially innermost end of a 
primary circuit 52 directly above, and at its radially outermost end to the radially 
outermost end of a primary circuit 52 directly below and vice versa, whereby a 
10 continuous conductive path (i.e. a series connection between the primary circuits) is 
provided between an input terminal 53 and an output terminal 54. 

The transformer 50 further comprises a stack 55 of fourteen layers of 
secondary circuits 56 (only fourteen shown), each layer having 60 turns. The 

15 secondary circuits 56 are stacked with their planes substantially parallel to one 
another (shown spaced apart in the Figure for clarity). The spacing between each 
secondary circuit 56 is about 0.07mm. Each of the secondary circuits 56 is connected 
at its radially iimermost end to the radially iimermost end of a secondary circuit 56 
directly above, and at its radially outermost end to the radially outermost end of a 

20 secondary circuit 56 directly below and vice versa, whereby a continuous conductive 
path (Le. a series connection between the secondary circuits) is provided between an 
iiq>ut terminal 57 and an ou^ut terminal 58. 



At their closest point the spacing between the stack 51 and the stack 55 is 
25 about 0.1mm. The transformer operation and firequency tesponse improves with the 
number of layers, wilh between 20 and 40 layers each of 60 turns producing good 
results for DSL applications. 



Referring to Fig. 9 the transformer 50 is shown in PCB circuit form. Each 
30 PCB layer holds one primary or secondary circuit having 60 turns and measures 
20mm by 20mm and is 0.355mm thick (before pressing) i.e. it has a high aspect ratio 
(diameterrheight). In manu&cture six PCB layers are stacked, heated and pressed to 
form a module 60 of primary or secondary circuits. The modules 60 of primary 
circuits 52 and secondary circuits 56 may be stacked on top of one another to form 
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fhe transfonner 50 wifh fhe desired number of circuit layers. The tcansformer SO 
cotnprises five modules of primary circuits 52 and five modules of secondary circuits 
56, and Hierefore sixty circuit layers. Within each module 60 primary circuits 52 (and 
secondary circuits 56) are connected to the coiresponding circuit on the layer beneath 
5 either near the centre of the PCB or near tihe edge of the PCB by connections 61. 
Furthermore the connection 61 between each PCB layer alternates between a centre 
position and an edge position. The separation between each module 60 is 0.2mm and 
is provided by PCB laminate 62 to insulate the circuits of one module 60 from the 
circuits of another. A photograph of the PCB transfonner 50 is shown in Fig. 10 from 
10 which it is apparent that it is ^'quasi-planaf' . The small size is immediately apparent, 
particularly in terms of height. The PCB transfonner 50 in Fig. 10 has dimensions of 
2.3mm by 20mm by 20mm (HxWxD) and weighs 1.9g compared to 6,3g for a typical 
ADSL transformer. Such a weight saving (approximately 70%) offers significant 
advantages to industry in terms of manu&cturing and transportation costs. 

15 

The aim of this geometric arrangement of the primary circuit 52 and 
secondary circuit 56 is to achieve the transformer action mainly via global coupling 
(i.e. coupling of the vertical magnetic flux component generated by the primary 
circuits 42 with the secondary circuits 44) rather than local magnetic flux 

20 transference between neighbouring tracks of the circuits. In particular, referring to 
Fig. 12 two primary circuit and secondary circuit conductor patterns are illustrated as 
"Stacked-l" and '*Stacked-2". Each of these arrangements comprises a three 
dimensional structure having stacked layers of primary and secondary circuits. In the 
case of Stadced-l primary circuits are stacked one on top of another to form a 

25 primary circuit stack, and secondary circuits are stacked one on top of another to 
form a secondary circuit stack. The two stacks are then mounted one on the other. In 
the case of Stacked-2 primary circuits are alternately stacked on top of secondary 
circuits to form an interleaved structure. 

30 The particular advantage of the three dimensional winding structure is that 

inductance of the primary circuit is inoreased and the flux linkage to the secondary 
circuit is improved, even at the low fi:equencies of DSL. Furthermore the structure 
provides low Q factor whereby a good frequency response is present over the whole 
ADSL frequency range. A particular advantage of the Stacked-2 stracture is that each 
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primary ciicuit has a secondary circuit above and below. The secondary wires (or 
tracks) are in such close proximity to the primary wires (or tracks) that a very good 
local magnetic flux linkage is obtained Unlike the Stacked-1 arrangement where 
compared to the inner layers the outer layers of the stack of primary circuits are more 

5 distant firom the secondary stack of circuits, the Stacked-2 arrangement has the 
primacy and secondary placed symmetrically. Therefore the magnetic flux throughout 
the body of transformer SO is more homogeneous in that the vertical (i.e. 
perpendicular to the plane defined by each circuit) component of the magnetic flux is 
dominant and there is smaller component of horizontal magnetic flux. Since 

10 neighbouring parts of each circuit are horizontally spaced it is important to reduce the 
expanding/coll^sitig horizontal component of flux to reduce self-induction. 

Furthermore as viewed on a larger scale the structures help to reduce parasitic 
capacitance between primary wires and secondary wires. When wires are wound to 

15 form these structures, the separation between the wires is simply the width of 
insulation between the two conductors (typically — 0-02mm). When using PCB 
manufacturing techniques the spacing will be slightly greater (-0-075imn) as the 
conductive tracks are not enclosed by insulation. Precaution needs to be taken against 
short-circuit as since the isolation safely function of a line interface transformer is 

20 paramount 

Referring to Fig. 12 a graph generally identified by reference numeral 70 
shows the fi-equency response of the transformer 50 over the ADSL2-I- fi-equency 
bandwidth (which comprises the ADSL and ADSL2 bandwidths). An input voltage 

25 71 of 7.5V was input to the primary circuits 42 generating an output voltage 72 fi:om 
the secondary circuits by transformer action. A clear resonance 73 is seen in the 
output voltage 72 at about 300kHz, which then drops exponentially to zero over the 
ftequency range of 300kHz to about 1.25MHz. The resonance in the secondary 
output voltage 72 is particularly undesirable since to obtain minimum bit eaot rates 

30 at the receiver, a DSL line interfece transformer should ideally have 1:1 voltage 
transfer characteristics over the entire DSL frequency range. Signal attenuation is 
tolerable providing tibe loss is substantially the same over the fiequency range of 
interest (ie. the attenuation is independent of input fi:equency). Accordingly, it is 
essential that resonance and fiiequency-dependent attenuation be mitigated if the 
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ttansfoimer SO is to have practical application as a line inter&ce (or wideband) 
transformer. This can be achieved by altering the inductance and/or capacitance 
properties of the transformer to flatten the fiiequency response (e.g. by shifting the 
resonance out of the frequency band of interest). In the present case the present 
5 invention provides these adjustments by altering geometry of the transformer (such as 
number of turns, number of layers, spacing between layers, etc.). Additionally or 
alternatively another chrcuit component (e.g. capacitor) can be used in conjunction 
with the transformer to this end. 

10 Referdng to Fig. 13 a second embodiment of a transformer generally 

identified by reference numeral 80 conoprises an interleaved stracture of primary 
circuits 81 and secondary circuits 82. Primary circuits 81 are stacked on top of 
secondary circuits 82 in a plane-parallel manner such that each.primary circuit 81 has 
a secondary circuit 82 on either side, and vice-versa. Electrical connections are made 

15 between alternate layers such that the primary circuits are connected in series in a 
first circuit to terminals 83, 84, and the secondary circuits are connected in series in a 
second circuit to terminals 85, 86. The interleaved stmcture is intended to improve 
the coupling between primary and secondary circuits, thereby changing the 
capacitance characteristics of the transformer and reducing resonance effects at 

20 frequencies in the DSL bandwidth. Additionally or alternatively a capacitor may be 
placed in parallel with the transformer 80 (or any other transformer described herein) 
to shift the resonance out of the fi^quency bandwidth of interest Over the DSL 
bandwidths the coefficient of coupling of the transformer 80 is high at about 0.9. A 
particular advantajge of this arrangement is that capacitive coupling between the 

25 primary and secondary circuits is reduced, enabling the transformer 80 to be used in 
higher fi:equencies, such as ADSL2+. 

The PCB construction of the transformer 80 is similar to that described above 
m connection witii transformer SO to which reference is made. The transformer 80 
30 has 60 turns per circuit layer. Ideally there should be at least 20 jprimary circuit layers 
and 20 secondary circuit layers if the transformer is to be used over the ADSL2 
bandwidth (Le. up to about l.lMHz); ideally there should be at least 30 primary 
circuit layers and 30 secondary circuit layers if the transformer 80 is to be used over 
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the ADSL2+ bandwidfh (ie. about 2.2MHz). The separation between the layers 
should as desciibed above. 

Referring to Fig. 14. a gr£Q>h generally identified by reference numeral 90 
5 shows tibie frequency r^onse of a handmade version of the transformer 80 having 
five primary drcviit layers 81 and five secondary circuit layers 82 over the ADSL2+ 
fiequenc/ bandwidth (which comprises the ADSL and ADSL2 bandwidths). An 
kput voltage 91 of 7.SV was input to &e primary circuits 81 generating an output 
voltage 92 fixnn the secondary circuits 82 by transformer action. Over the 
10 ADSL/ADSL2 frequency bandwidth (i.e. up to lAMHz) the frequency response of 
the transformer 80 is relatively flat wilh a resonance 93 appearing in the output 
voltage 92 at an input frequency between 750kHz and l.lMHz. The resonance 93 
peaks at about l.lMHz the secondary circuit 82 outputting four times input voltage, 
and then the output voltage 92 falls away at input frequencies greater than this. At 
15 input frequencies greater than about 1.6MHz the output voltage 92 is lower than the 
input voltage 91. These characteristics may not be satisfactory for DSL application. 

The applicant considered this problem and found, surprisingly, that using a 
electromagnetic sbielding member or members on one or both sides and/or within the 

20 layers of the transformer reduced the resonance/attenuation problem. Surprisingly, it 
was found e3q)erimentally that using a metallic member on one side only produced 
good results. Surprisingly, dispersing such metallic members throughout the layers of 
the transformer produced even better results. The metallic member may be in the 
form of a plate, jfoil or continuous conductive track for example. The shape of the 

25 metallic member should ideally, although not essentially, be the same as a layer of 
the transformer, in this case substantially circular. The thickness of the metallic 
member should be less than about 0.2mm and the number of layers can be between 1 
and 10, with S layers being use&l for DSL applications. 

30 Referring to Fig. 1 5 a fourth embodiment of a transformer generally identified 

by reference numeral 100 comprises the transformer 80 and four layers 101 of 
alunainium foil in abutment with one another and positioned at one side of ibe 
transformer 80, so that planes defined by the layers 101 are substantially parallel to 
the planes defined by the circuit layers of the transformer 80. Each piece of 
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almninium foil is O.OSimn thick and is cut in the fbnn of a circle to match the 
fbolpiint of the transformer 80, although the same shape is not essential. It will be 
noted that the inner turns of each layer have been omitted. These inner ten turns of 
each layer contribute very little to the inductance of the transformer and therefore 
5 their omission does not greatly affect the properties of the transformer 80. However, 
some manu&cturing advantage is obtained and parasitic c^acitance between the 
layers is reduced Any of the transformers described herein may have a nuniber (e.g. 
5-10) of the inner turns omitted. 

10 hi use, Ihe function of the layers 101 is to generate eddy currents via tihie 

varying magnetic field around the transformer 80 and reduce the resonance effects. 
By Lenz's law these eddy currents oppose the variation in magnetic flux of the 
tcansfbrmer 80. Therefore the layers 101 dampen any resonant peaks by opposing the 
higher voltages generated in the secondary circuit 82. When the output signal is 

15 attenuated, eddy currents in the layers 101 try to maintain a higher voltage in Ihe 
secondary circuit. In the DSL frequency range, the skin depth in which 1/e or 63% of 
the magnetic field is absorbed is between about 0.5mm and 0-086mm for aluminium. 
Thus, by appropriate choice of the overall thickness of the layers 101, it is possible to 
ensure that at low frequencies the eddy currents are small and have a corresponding 

20 effect on the secondary output voltage; whereas at higher frequencies where the 
resonance was observed, the eddy currents have a much larger magnitude and 
therefore dampen the resonance and resist attenuation. In this way the frequency 
response curve of the transformer 80 can be flattened over the DSL frequency range. 

25 Referring to Fig. 16 a graph generally identified by reference numeral 110 

shows the frequency response of a hand-wound version of the transforms 100 
con5)rising ten circuit layers (five primary, five secondary) over the ADSL/ADSL2 
frequency bandwidth. An input voltage 1 1 1 of 7.5V was input to the primary circuits 
generating an output voltage 112 from the secondary circuits 82 by transformer 

30 action. The output voltage 102 is substantially flat over most the ADSL/ADSL2 
frequency range and in particular the large resonance seen at the upper end has been 
greatly damped. 



wo 2005/055253 PCT/GB2004/050035 



- 24 - 



Refexmg to Fig. 17 a graph generally identified by leference numeral 120 
shows flie frequency lesponse of the hand-wound transformer 100 over the ADSL2+ 
fiequency bandwidth. An input voltage 121 of 7.SV was input to the primary circuits 
generating an oulput voltage 122 £rom the secondary circuits by transformer action. 

5 The oulput voltage 122 is substantially flat over most of the ADSL2+ firequency 
range and in particular the large resonance seen at mid-range has been greatly 
damped (it is now only about 30% higher than the input voltage 121 rather than 
400%asinFig. IS) and pushed to the upper end of the range. The small resonance at 
2MHz can be moved out of the >\DSL2+ firequency band by addition of more circuit 

10 layers e.g. up to about thirty of each type. 

Referring to Fig. 18 a fifth embodiment of a transformer generally identified 
by reference numeral 130 comprises alternating layers of a primary circuit 131, a 
secondary circuit 132 and an aluminium plate 133 to form six circuit layers divided 

15 by two al nmininm plates 133. Each aluminium plate 133 has dimensions similar to 
that described above. Each primary circuit layer 131 has 60 turns and each secondary 
circuit layCT 132 has 60 turns. The transformer 130 was hand wound (although this 
structure is amenable to any sxiitable automated manufacturing process) and the 
separation between the conductors of each circuit and between each layer was two 

20 insulation thicknesses. The electrical properties of the transformer 130 are: - 



Lpri=1.33mH 
Lgec=l-39mH 
Rpri = 3.49a 

25 Rsec = 3.55n 

Cpri = Csec=19pF 



Referring to Fig. 19 a graph generally identified by reference numeral 140 
shows the frequency response over the ADSL2+ firequency bandwidth of the 
30 transformer 130. An input voltage 141 of 7.5V was input to Ihe primary circuits 
generating an output voltage 142 firom the secondary circuits by transformer action. 
The tcansformer 130 shows a very flat firequency response over the ADSL2+ 
bandwidth, with substantially frequmicy-independent attenuation. This is very 
surprising in view of the small number of layers. The addition of more layers to the 
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transformer 130, separated by ahimiTitnin plates 133, would reduce liie amount of 
attenuation and extend the flat frequency response of the transformer into higher 
fiequencies. In particular, the addition of more primary and secondary circuit layers 
increases the inductance- of the transformer 130 and thereby reduces the attenuation 
5 of the output voltage 142. However, there is a corresponding increase in the 
resonance effect seen at some frequencies in the output voltage 142. If more 
aluminium plates 133 are added, any resonance is shifted to Mgher fiequencies, but 
the attenuation of the output voltage 142 is increased. Thus a balance must be struck 
between number of circuit layers and the number of aluminium plates 133. The 
10 applicant has found fhe combination described above produces good results. For DSL 
applications the pattern of primary circuit, secondary circuit, aluminiimi plate may be 
repeated vmtil there are between 10 and 20 layers each of primary and secondary 
circuits. Such an arrangement may be useful for DSL applications in the tens of MHz 
e.g. VDSL. 

15 

In one alternative the aluminium plates/foils may be replaced by a passive 
circuit i.e. a spkal circuit similar to the primary and secondary circuits, but which is 
short-circuited. Such a passive circuit would perform the same function as the 
aluminium plates, but offers manu&cturing advantage particularly for PCB where a 
20 layer would simply be short-circuited rather than connected to the other primary or 
secondary circuits. 

In another alternative there may he more than one of each type of circuit 
between the layers of aluminium plate (or whatever other resonance damping means 
25 is used). 

It will be appreciated that the transformers described herein are amenable to 
various manui&cturing processes including etching, printed circuit board, fhin-film 
deposition and automated machine winding. Such transformers can be produced 
30 quickly and cheaply using tiiese methods, with a reduced amount of raw material. 
The finished product is lighter and smalls than conventional DSL transformers. 

Variations in the diameter and material of wires (or width of track), spacing 
between tiie wires, spacing between layers, number of turns of each circuit, number 
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of layers, and thickness, number of layers, and position of metallic member, all affect 
performance of transformers as described herein. However, provided with the 
principle of forming a transformer wifh a stacked structure as described herein, the 
skilled person is able to adjust the various parameteis above to obtain the desired low 
5 fiequency wideband signal transmission characteristics whilst reducing weight and 
space. 



